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 ABSTRACT 
 
Selected spectral reflectance features of soils are examined with respect to their 
relationship to soil water content. Three soil samples	  selected to represent a range of particle size 
distribution, texture, and drying characteristics	  were monitored as the samples progressed from 
fully saturated to air dry. Spectral reflectance was collected over the wavelength range 350 nm to 
2500 nm, a range in which four major water absorption bands exist: two in the visible/near-
infrared (VNIR) region centered at 970 nm and 1160 nm, and the other two in the shortwave 
infrared (SWIR) region centered at 1440 nm and 1930 nm. The water absorption bands were the 
focus of this work with the expectation that these features would be the most sensitive indicators 
of the surface water content. However, the two absorption features in VNIR region were not 
useful for all three soils, so the two absorption bands in SWIR region became the focus in this 
study, especially the more sensitive 1930 nm band. Plots of the changing absorption band depths 
in the SWIR region were similar in shape among three soil samples. Three to four approximately 
linear stages were observed over the whole drying process, however, the transitions between 
drying stages did not occur at consistent points in the drying process, making it difficult to build 
a direct relationship between the absorption features and volumetric water content that would be 
independent of the soil type. 
Although no general, soil-independent relationship could be found between an absorption 
feature and volumetric water content, there were characteristic changes in the band depth 
features that were coincident with evaporation stage transitions. Initially, the depth of the band 
centered at 1930 nm increased steadily and slowly with decreasing soil water content, reached a 
maximum, and then abruptly decreased marking a distinct change between the early and late, 
 relatively steady drying rate stages. During the late stage, the magnitude of the band depth 
decreased sharply with only a small change in water content. The decrease was coincident with 
the water evaporation transition from stage-1 (constant, relatively fast evaporation rate) to stage-
2 (slower evaporation rate), a transition which is related to the exhaustion of pore water and the 
initial loss of adsorbed water. 
The two SWIR water absorption band depths did not decrease with decreasing soil water 
content monotonically, which is counterintuitive. In order to understand the process, a simple 
mathematical model was built which suggested that the pattern of change in the band depth was 
related to the near extinction of light at the band center relative to the band shoulders. This 
extinction can be related to a specific water optical path length. The maximum absorption band 
depth at 1930 nm (and the associated water optical path length) appears to coincide with a trace 
amount of water present in the pore spaces for all three soil samples, which is consistent with the 
transition in drying rates.  
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1. Introduction 
Soil moisture content is a key factor for many fields of study, such as hydrology, 
meteorology and agronomy. For example, in agronomy, moisture content distribution is 
important for crop growth monitoring and agricultural production prediction. In hydrology, soil 
moisture is indispensable for the study of the movement, distribution, and quality of water on 
Earth. In particular, the surface soil moisture content is not only an indicator for deeper water 
content, but is also essential for ground-atmosphere energy exchanges. 
Conventionally, several geophysical methods are used for in situ measurements of soil 
moisture (Parent et al. 2006; Gaskin & Miller 1996; Ozcep et al. 2009). These methods are easily 
calibrated and allow detection of soil moisture content at the root-zone depth, which is important 
for agricultural crops. While these measurements are effective for the detection of water content 
at depth, they are typically time consuming and costly, making it difficult to collect dense 
observations over large areas or to monitor changes over time.  In contrast, remote sensing and 
proximal sensing techniques acquire information without making physical contact.  Remote 
sensing systems on satellite or aircraft have the potential for obtaining data over a large area at 
high spatial resolution. Proximal sensing systems have the potential for providing rapid in-field 
measurements and for monitoring change over time.  
The most common remote sensing methods for observing soil water content use passive 
microwave radiation, taking advantage of the capacity of microwaves to penetrate through damp 
soil at microwave wavelengths. Unfortunately, the capacity to penetrate the soil means that the 
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measurements are integrated over the depth of penetration, with no information specific to the 
water content of surface and near-surface soil. 
Optical remote sensing is another approach to detecting the surface soil moisture content. 
The presence of moisture greatly influences spectral reflectance in both the visible/near infrared 
(VNIR: 400-1200 nm) and the shortwave infrared (SWIR: 1200-2500 nm), especially in the 
major water absorption bands centered at 970 nm, 1160 nm, 1440 nm, and 1930 nm.  It is 
reasonable to expect that the water absorption features would be very sensitive to the surface soil 
water content, and the depth of these water absorption features is hypothesized as an effective 
parameter for monitoring and describing the whole drying process. Water absorption features are 
not generally considered for remote sensing applications because the strong atmospheric 
absorption by water vapor in the vicinity of these bands leads to very low signal-to-noise values. 
Indeed, remote sensing systems are generally designed to avoid these wavelength regions. 
However, for proximal sensing where the illumination is supplied locally, the water absorption 
bands are prominent in the reflectance spectra, making it worthwhile to study the relationship 
between depth of water absorption bands and surface soil moisture content. 
A useful optical measure of soil moisture would be sensitive to the soil water content 
from saturated to dry conditions, and would be applicable to any type of soil.  The initial 
hypothesis was that, the depth of water absorption bands meets these two requirements. This 
study was designed to explore that hypothesis and to develop a model derived from the depth of 
the water absorption band to estimate soil water content with optical remote/proximal sensing. In 
addition, in order to consider the effect of evaporation on continuous reflectance change, the 
whole drying process was observed in this study. 
 3 
The goals of this thesis are to: 
1. Describe the pattern of change in the depth of the major water absorption bands during 
the whole drying process, and determine if the pattern is consistent among soils with 
different physical and chemical properties; 
2. Find an empirical, mathematical model relating soil water content and absorption band 
depth that fits the observations. 
3. Examine the relationship between the optical measure of spectral features and the 
evaporation rate. 
4. Build a theoretical model to explain the mechanism of changing spectra in soil samples 
during the drying process. 
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2. Literature Review 
Soil moisture has been studied for many decades because it is a key factor for many fields 
of study, such as hydrology, meteorology and agronomy (Wigneron et al. 1998). For applications 
in which moisture at or near the surface is important (e.g., agronomy), there are a variety of 
techniques that have been developed to measure soil moisture including both probe-based ground 
measurements and remote sensing methods. The ground-based methods are the proven, reference 
observations, but remote sensing techniques hold promise for providing more extensive aerial 
and temporal observations.  This section provides a brief review of the current surface soil 
moisture measurement techniques, with emphasis on agronomic applications. 
2.1 Soil moisture content in agronomy 
The potential rooting depth of most agricultural crops ranges from about 0.6 to 1.5 m, and 
the maximum rooting depth is normally less than the potential rooting depth due to physical and 
chemical barriers. The distribution of water extracted by plants from soil varies with depth 
(Figure 2.1) with more water being extracted from shallower depths (Evans, 1996). To study the 
influence of soil water content on crops, measurements of soil water should extend down to a 
significant portion of the root zone depth. Given the depth of the root zone and the effective 
penetration depth of different techniques, the most appropriate methods are ground-based 
measurements and microwave remote sensing. However, optical measurements have a place in 
the overall measurement scheme and, as will be discussed below, have some unique advantages.  
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Figure 2.1: The amount of water extracted by plants is influenced by the distribution of the 
root in the soil (Evans, 1996). 
2.2 Ground Measurements 
There are many ground-based techniques for measuring soil moisture in the field, 
including time-domain reflectometry (Parent et al. 2006), frequency domain sensors (Gaskin & 
Miller 1996), electrical resistivity tomography (Ozcep et al. 2009), and ground penetrating radar. 
Most of these methods are effective with larger soil volumes and are not as useful for 
characterizing moisture in the upper few centimeters (Zhu et al. 2010). 
Ground measurements usually provide data that are easily calibrated, but each 
measurement only applies to a single, small area.  They are easily adapted to monitoring 
temporal variations (Parent et al. 2006), but are difficult to use to map spatial variations. The 
most prominent advantage of the ground-based measurements is in providing soil moisture 
content at root-zone depth, the most appropriate range for agricultural studies.  
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2.3 Surface soil moisture – root-zone zone soil moisture 
Soil moisture content, as studied in agriculture, is normally required over large areas. 
However, the difficulty and expense of ground measurements makes it problematic to collect 
measurements at multiple sites or even to make frequent observations at a single location. 
Because of the inconvenience of direct root-zone soil moisture measurements, other, more 
easily-obtained parameters are often used for moisture estimates.  For example, Mahfouf (1991), 
reasoning that near-surface temperature and humidity are influenced by the soil moisture, 
developed a model to describe the effect, and then, inverting the model, used the above-surface 
measurements of temperature and humidity to retrieve the soil moisture in root-zone as verified 
using in-ground methods: neutron sounding (soil-water profile) and gypsum blocks (first 5 cm of 
the soil).  Although the results showed promise, the link between air temperature/humidity and 
root-zone soil moisture is rather indirect and imprecise. 
2.4 Microwave remote sensing 
Microwave remote sensing systems may be either active or passive. Active (radar) 
systems transmit an electromagnetic pulse and measure the energy scattered back, while passive 
radiometers observe the energy emitted from the target itself (Ulaby et al., 1982). Microwave 
remote sensing has the general advantage of being unaffected by cloud cover and not requiring 
solar illumination. This all-weather capability is particularly true for systems that operate in the 
low frequency microwave range (1 – 10 GHz) (Njoku & Rague 1996; Wagner et al. 2006).  
For a number of years, microwave remote sensing methods have been the main focus of 
research aimed at retrieving the moisture content of the top several centimeters of soil (Walker et 
al. 2001; Sabater et al. 2007; Albergel et al. 2008; Ford et al. 2014). Sabater et al. (2006) also 
studied four data processing methods. The overall result of their study indicates that all four 
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methods yield satisfactory results, which suggests that retrieving root-zone soil moisture content 
from surface soil water content is feasible. 
Soil moisture content most strongly affects passive microwave radiation from soils due to 
the difference between the dielectric constant of water (~80 at frequencies below 5GHz) and that 
of dry soil (~3.5) (Njoku & Entekhabi 1996); the soil dielectric constant increases with 
increasing water content.  However, the measurement of radiation is also influenced by soil 
surface roughness (Choudhury et al. 1979; Tsang & Newton 1982; Mo et al. 1987), attenuation 
and emission by vegetation cover (Jackson 1982; Pampaloni & Paloscia 1986; Jackson & 
Schmugge 1991), and surface and subsurface heterogeneity (Tsang et al. 1975; Wilheit 1978; 
Kerr & Njoku 1990). The most recent global soil moisture measurement is provided by the Soil 
Moisture Active Passive (SMAP) satellite mission. SMAP was launched on January 31, 2015, 
and one of its objectives is to measure the amount of water in the top 5 cm of soil of the Earth. 
Compared to optical remote sensing, SMAP is able to estimate deeper soil moisture content by 
integration every 2 to 3 days. However, microwave systems like SMAP can only provide data on 
the landscape scale (kilometers to 10s of kilometers). They are incapable of finer, field-level 
observations.  Microwave systems are also not readily adaptable to ground observations or for 
monitoring evaporation.  
2.5 Evaporation 
Evaporation is a key hydrologic driver that directly connects surface soil moisture content 
to the atmospheric water vapor content. Direct soil evaporation and plant transpiration consume 
20% and 40% of the water introduced water by terrestrial precipitation, respectively (Oki & 
Kanae 2006; Or et al. 2013). Sherwood (1929) pointed out that, at the beginning of the drying 
process, very wet solids exhibit a period with a constant rate of drying which only decreases 
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once the soil reaches a critical liquid content. These two periods are called the constant rate 
period and the falling rate period. The constant rate period is supported by internal capillary flow 
(Van Brakel & Heertjes 1978; Yiotis et al. 2006), with water in the near-surface moving to 
surface so that the rate of drying remains constant. During the falling rate period, the available 
pore water is exhausted, and the evaporation rate is then limited by the vapor diffusion path and 
is no longer supported by capillary flow. When water loss is due to evaporation, the change in 
evaporation rate is related to the loss of available pore water. 
2.6 Soil classification 
Because the type of soil influences the evaporative process (Lehmann & Or 2009), soil 
classification is one of the essential issues facing remote sensing observations. In some cases the 
classification can be based on characteristic spectral features, as with Lesaignoux et al. (2010) 
who sorted soil samples into organic matter-rich, lime-rich, and iron oxide-rich groups. For in 
situ work, samples can be labeled by soil order in the USDA soil taxonomy (USDA, 1999). In 
other studies, soil samples might be described by their different material content (Liu et al. 
2002), or color (Lesaignoux et al. 2013). 
2.7 Optical remote sensing: reflectance in the solar domain 
A distinct problem with drawing a relationship between soil moisture (as defined for 
agricultural or hydrological purposes) and optical sensing is that optical radiation does not 
penetrate soil beyond the surface layer; the reflectance derives only from the first several 
millimeters of soil at most (Liang 1997). We will refer to this depth as the “optical surface”. 
There is a demonstrable link between the soil optical surface and root zone soil moisture, as there 
are many studies that have drawn a connection between volumetric soil moisture (as determined 
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by weight) and the reflection from soil surfaces in the visible/near infrared (VNIR) and the 
shortwave infrared (SWIR) spectral regions (Kaleita et al. 2005; Ahmad et al. 2011).   
To study the relationship between soil reflectance in the optical domain (400 - 2500 nm) 
and soil moisture, several wavebands are usually selected by some form of optimization method, 
and then used to indicate reflectance changes for a particular set of soil samples. Typically, a 
linear forward stepwise regression technique will be used for the optimization. For example, Liu 
et al. (2001) determined an optimal band set that included 1400, 986, 1998, 574, 2189, 1672, and 
450 nm, listed in the order of importance. In another study (Lobell & Asner 2002), a single 
wavelength, 2200 nm, was selected based on its absorption response in mineral soils, and 600 nm 
and 1200 nm were included for contrast. Different studies also take a variety of approaches to 
calibration and normalization. For example, Lobell and Asner’s (2002) results were based on 
absolute reflectance, while Liu (2001) focused on normalized reflectance, i.e., dividing the 
reflectance from a wet soil by the reflectance of the same type of soil when it was dry.  This 
minimizes variations due to roughness and sensor-source geometry effects (Baret et al. 1993). 
Among these studies, researchers were trying to find an effective way to extract spectral features 
from reflectance to explore the relationship to soil water content. However, there is still no 
unified way to represent reflectance features; researchers continue to introduce new parameters 
that are appropriate for their studies. 
To estimate the soil moisture content from reflectance in the optical domain, researchers 
usually rely on empirical rather than on physically-based models. A typical approach is to 
employ an exponential model describing the relationship between reflectance and soil moisture 
content (Lobell & Asner 2002; Zhu et al. 2010), but a combination of linear and nonlinear 
functions has also been proposed, as has an empirical model that relies on a polynomial 
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relationship (Lesaignoux et al. 2010). In Bach and Mauser’s (1994) research, two processes are 
taken into account. One is the general darkening of soil due to internal reflection in a surface 
water layer and the other one is absorption by water contained in soilat certain wavelengths. 
All of these studies focus on reflectance values, and most showed reflectance consistently 
decreasing with increasing soil moisture content (Planet 1970; Stoner & Baumgardner 1981; 
Choudhury et al. 1979; Chang et al. 2005; Lesaignoux et al. 2013). There are a few studies, 
however, that have indicated that reflectance can increase at higher soil moisture content after a 
certain level of water content (Neema et al. 1987; Liu et al. 2002), and the level was different for 
different types of soil (Liu et al, 2002). There is some indication that the inversion may be 
caused by specular reflectance from a water film covering the soil surface due to oversaturation 
(Sadeghi et al. 2015). In Sadeghi’s research, a physically-based soil moisture retrieval model was 
developed to estimate reflectance as a function of soil water content over the full optical domain 
(350 nm – 2500 nm). Most of the existing research results indicate that the SWIR region is more 
suitable than the VNIR for mapping the relationship between spectral reflectance from the soil 
surface and soil moisture content (Lobell & Asner 2002; Zhu et al. 2010). As Lobell and Asner 
(2002) indicated with their empirical model, reflectance in the SWIR region is responsive to a 
wider range of soil moisture, up to 50% volumetric water content, while the reflectance in the 
VNIR region can reach a minimum when the soil moisture content is on the order of 20%. 
Secondly, the uncertainly in the estimate of soil moisture content based on SWIR observations 
was only half the uncertainty for similar estimates based on observations in the VNIR region. 
However, Liu et al. (2002) points out that the shorter wavebands could provide a more reliable 
estimate at high moisture levels. 
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All the existing work focuses on differences in soil reflectance for several discrete levels 
of water content, and does not consider the continuous change in the reflectance with moisture 
content.  In addition, most of the existing work uses simple, empirical models to describe the 
correlation between water content and reflectance using a few optimally selected spectral bands.  
In contrast, the research presented here addresses the change of reflectance with evaporative loss 
using the depth of water absorption bands, a spectral feature directly influenced by water content. 
As a result, this study was designed to build a relationship between water absorption band depth 
and soil water content that would be independent of soil type. If successful, the relation could be 
used for all types of soils without the need for soil classification. 
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3. Experimental Design 
To design a series of experiments to achieve expected data, two main aspects are 
considered. First, the soil samples should be varied in physical and chemical characteristics, 
which will help in building a more general model relating soil water content and a spectral 
feature. Second, the experiment should be designed to collect spectral reflectance and soil 
sample weight data continuously to describe the whole drying process. The selected soil samples, 
equipment, experimental setup and procedure will be illustrated in this section. 
3.1 Soil samples 
Soil reflectance varies with the type of soil, the particle size distribution and the bulk 
density of the soil, in addition to the water content. To obtain a set of reflectance measurements 
that would be representative of the range in possible changes during the drying process, three 
samples (Table 3.1) were observed in the experiments. They are varied in color, degree of 
transparency, density, particle size, and composition. 
1. Quartz sand: The sand sample consisted of white, relatively translucent, 90% silica 
particles. The sand particles were quite homogeneous in size with an average diameter of 
about 1 mm. Because of the white color, translucence and low absorption, the spectral 
reflectance is high relative to most soils. 
2. Masonry (dark) sand: The sand sample is generally light brown with some black 
particles. The particle size is not as homogeneous as the white sand, but it is finer with an 
approximate average diameter of 50 microns. The reflectance of dark sand is lower at all 
wavelengths than white sand. 
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3. Ithaca soil: This is the only natural soil among the three samples. It is from a local 
orchard, and has a relatively high content of clay and organic matter. The original sample 
was not homogeneous in particle size, but contained a number of larger particles: pieces 
of plants’ roots, or aggregates of fine particles.  For the experiment, the large particles 
were removed. 
Table 3.1: Soil physical characteristics 
 quartz sand masonry sand Ithaca soil 
Very coarse and coarse sand 86.1% 18.3% 
3.8% Medium sand 10.1% 27.0% 
Fine and very fine sand 3.8% 48.4% 
Silt 0% 4.4% 77.0% 
Clay 0% 1.9% 19.2% 
Texture* Coarse sand Sand Silty loam 
Bulk density 1.44 g cm-3 1.53 g cm-3 0.95 g cm-3 
* Texture classification is based on USDA standard. 
 
3.2 Equipment 
3.2.1 Sample holder 
The sample holder was a 1.2 cm tall, gray, plastic cylinder with a 5.1 cm inner diameter 
and a screen glued to the bottom.  The total volume of the sample holder was 
 V!"!#$ = πr! ∙ h, (3.1) 
where Vtotal is the available volume, r is the radius, and h is the height of sample holder. The 
volume of the sample holder was then 24.5 cm3. The sieve bottom allowed water to be drawn up 
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into the sample by capillary action, minimizing disturbance of the soil surface and also 
minimizing the opportunity for air to occupy the pore spaces. 
 
Figure 3.1:  Sample holder with screen bottom. 
 
   Figure 3.2:  Ohaus scale 
 
3.2.2 Scale 
An Ohaus SP200 scale (Figure 3.2), with a 0-2000 g range and a precision of 0.1 g was 
used to monitor the weight of the sample during the experiment. Black tape was used to cover 
the surface of the balance to reduce the possibility of reflected light from the balance reaching 
the spectrometer input optic.  The balance was linked to a computer via a USB connection, 
providing continuous monitoring without the need to move the sample. 
3.2.3 Spectrometer and Lamp 
The spectrometer was an ASD FieldSpec® Pro (Figure 3.3) with a spectral range of 350-
2500 nm, and a resolution of 1 nm. Illumination was provided by an ASD Pro Lamp (Figure 3.4) 
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which is designed to provide stable, DC illumination over the full spectral range viewed by the 
ASD spectrometer. 
 
Figure 3.3:  ASD spectrometer 
    
Figure 3.4:  Lamp 
 
3.2.4 Micrometer 
A Westward micrometer (Figure 3.5), with a range of 0-27 mm and an accuracy of two 
digits after the decimal point was used to measure the depth of the sample. 
3.2.5 Microscope 
A Celestron® handheld Digital Microscope PRO (Figure 3.6) was used to image the soil 
surface throughout the experiment. The original plastic base was not sufficiently stable and was 
replaced with a solid aluminum base. Eight LED bulbs surround the optical port of the 
microscope and illuminate the viewing area. Black tape was applied to the clear plastic shield 
surrounding the LED and input optics to block the IR-rich light from the ASD Pro lamp and to 
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prevent the LED radiation from illuminating the field of view (FOV) of the spectrometer. The 
microscope was connected to the computer through a USB connection, and images were 
collected under program control. 
 
Figure 3.5:  Micrometer 
 
Figure 3.6:  Microscope 
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3.3 Experimental Setup 
The ASD probe was fitted with an 8 degree field of view (FOV) foreoptic and mounted 
18 cm above the soil sample (nadir view). The diameter of the FOV on the soil sample was then 
4.2 cm. The lamp was set at a 30 degree zenith angle, at a height of 50 cm above the sample and 
a horizontal distance between sample center and lamp of 30 cm, providing a roughly uniform 
illumination over the detector viewing area on the sample (Figure 3.7). 
 
Table
Scale
Soil
Detector
Lamp
8°
FOV
 
 
Figure 3.7:  Equipment setup 
 
3.4 Experimental Procedure 
The overall experimental procedure is diagramed in Figure 3.8. In the preparation stage, 
prior to the full experiment, each soil sample was tested to ensure that the 1 cm depth of the 
sample holder would be deep enough to avoid reflectance from the bottom of the sample holder. 
The approach of measuring the depth of penetration will be illustrated in Section 4.3.  
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For the main experiment the intent was to observe the change in reflectance for each 
sample due only to the change in water content; the setup and procedures were designed to 
minimize any other factors.  To this end, water was introduced by infiltration through the screen 
at the bottom of the sample holder and wetted the sample via capillary action. This minimized 
any possibility of disturbing the prepared soil surface and also reduced the chance that air would 
be entrained in the pore spaces.  Data collection was automated, with spectral reflectance of the 
sample being monitored at 10 minute intervals. Sample weight was recorded at one-minute 
intervals but is reported in 10-minute intervals, averaged over 10 minutes. Images of the soil 
surface during the drying process were also collected at 10-minute intervals.  
After the data collection, spectral data were processed: calibrated reflectance was 
computed, band depth parameters were derived from the spectra, and volume water content 
(VWC) was computed and linked to the spectral reflectance observations.  
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Figure 3.8:  Experimental setup 
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4. Methodology 
In this study, the relationship between soil water content and reflectance was the critical 
measurement, and it was particularly important that the metrics be appropriate and comparable to 
each other over different soil types. Based on this requirement, the depth of the water absorption 
bands and the VWC were selected to characterize the reflectance and soil water content, 
respectively. In this section, the methods of calculating the water absorption band depth and 
VWC were described. 
In addition, since the sample depth used for the experiments was relatively shallow 
(1.2 cm) it was important to confirm that the soil sample was optically deep, i.e., that none of the 
detected light had interacted with the bottom of the sample holder.  The shallow depth was 
designed to minimize the amount of time required for drying, but the sample depth had to be 
sufficient to ensure that the reflectance spectra were characteristic only of the damp soil, not the 
sample holder. The procedure used to confirm the adequacy of the sample depth is also described 
in this section. 
4.1 Depth of water absorption bands 
Water is relatively transparent in the visible, but becomes increasingly absorptive 
beginning in the red and increasing throughout the infrared. In addition to this broad absorption, 
there are strong water absorption bands due to the vibration of hydroxyl ions in water, and the 
depth of these water absorption features is a sensitive indicator of the soil moisture content. 
In hyperspectral remote sensing, the depth of an absorption band of a target material is 
commonly used as an indicator of the amount of that material present within a host material. 
When absorption by the target material is negligible away from the center of the absorption band, 
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a normalized absorption band depth is recommended to minimize the effect of the differences in 
reflectance of different host materials (Clark & Roush 1984). With water, however, absorption is 
strong throughout the infrared and is extreme in the SWIR. Absorption at these wavelengths by 
the host material (soil) is negligible; the band depth registers the spectral difference in 
attenuation of water at the band center and the band shoulders. For wet soil, then, a simple 
difference measure of the band depth is appropriate, and likely provides more consistent 
information than either simple reflectance or a normalized band depth. A simple estimation of 
band depth is given by the vertical distance from the minimum reflectance to a straight line 
connecting the shoulders of the water absorption feature. The interpolated reflectance, R!"#  , on 
the connecting line at the center wavelength is given by:    
The band depth, ∆𝑅!, is then simply 
where R! is the reflectance at the band center.  The central and shoulder wavelengths for the four 
absorption bands are listed in Table 4.1 and illustrated in Figure 4.1. The selection of shoulder 
wavelengths was based on the shape of the dry sample curves for the 1440 nm and 1930 nm 
bands, while the shoulder wavelengths for the 970 nm and 1160 nm bands and the central 
wavelengths for all bands were determined from minima of the saturated sample curves. 
 𝑅!"# =   𝑅!"#$ − 𝑅!"#!!𝜆!"#$ − 𝜆!"#!! ∗ 𝜆!"#$"% − 𝜆!"#$     +   𝑅!"#$      , (4.1) 
 ∆𝑅! =   𝑅!"# − 𝑅!   , (4.2) 
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Table 4.1: Absorption band centers and shoulders  
No. I II III IV 
Band center 970 nm 1160 nm 1440 nm 1930 nm 
Left  shoulder 930 nm 1120 nm 1380 nm 1850 nm 
Right shoulder 1080 nm 1270 nm 1680 nm 2130 nm 
 
 
Figure 4.11:  The spectral reflectance of white sand changes with changing moisture content. 
Dashed lines mark the centers of the absorption bands; dashed dotted lines mark the band 
shoulders. Solid line shows linear interpolation between shoulders for the 1930 nm 
absorption feature. 
                                                
1 The shape is different from Figure 4.3 of the same sample. The FOV here exceeds sample area. It doesn’t 
influence this study on band depth, a relative value. 
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4.2 Volumetric water content 
Soil moisture content is normally described by either gravimetric or volumetric water 
content. Due to the different water storage capacity of the three soil samples, gravimetric water 
content will vary over a large range. In contrast, volume water content is normalized by the 
volume of sample holder, which is in a narrower range and is also more comparable to other 
studies (Lobell & Asner 2002; Liu et al. 2002). 
The equation for calculating volumetric water content is: 
 𝜃 =   𝑉!"#$%𝑉!"!#$ = 𝑚!"#$%𝜌!"#$% ∙ 𝑉!"!#$   ,   (4.3) 
where θ is the volume water content (VWC), Vwater is the water volume, Vtotal is the total volume 
of solids, water, and air space, mwater is the water mass, and ρwater is the water density (1.0 g/cm3). 
 
4.3 Sample depth 
 Given the small depth of the sample, it was important to determine that the sample was 
optically deep, i.e., deep enough that no light was reaching the bottom and that reflectance from 
the bottom would not affect the reflectance measurements. Reflectance from dry soil is very 
much a surface phenomenon in that the reflected light derives from the first several millimeters 
of the soil surface (Liang 1997).  Because wetting the soil increases forward scattering (Neema et 
al. 1987), this will increase the depth of light penetration. In order to test light penetration 
through white sand – the most transmissive of the soil samples – and water, and certify that the 
depth of the soil sample is sufficient to prevent reflectance from the bottom of the sample holder 
influencing observed reflectance, colored tapes (red and orange) were used to add a strong 
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spectral feature to the bottom reflectance. Visible wavelengths are appropriate because water is 
most transmissive in the visible (Kou et al. 1993). The soil reflectance was also lowest in the 
visible, allowing for the best contrast in reflectance. With red tape covering the inside bottom of 
the sample holder, the spectral reflectance of the exposed tape showed a steep increase from less 
than 0.1 at 550 nm to over 0.55 at 650 nm for the red tape with the steepest slope at ~600 nm. 
With the orange tape, the reflectance increased from less than 0.1 at 450 nm to more than 0.65 at 
600 nm with the steepest slope at ~575 nm (Figure 4.2). The spectral increase is abrupt and is an 
easily identifiable “color feature” that should be apparent if bottom reflectance is contributing to 
the overall reflectance signal.  
 
Figure 4.2:  Spectral reflectance of bottoms of sample holder covered by red and orange tape, 
respectively. 
To ensure that 1.2 cm, the depth of sample holder is enough, a further verification was 
executed. In the verification, reflectance of two dry quartz sand samples with 1 cm-deep and 2 
cm-deep were collected, as shown in Figure 4.3. These two reflectance curves are equivalent, 
and no color feature shows, which means 1 cm-deep quartz sand is enough to reflect and absorb 
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all light. Furthermore, collected spectral reflectance data only present soil/water feature without 
sample holder bottom information. The measured reflectance only shows reflectance features of 
soil during the drying process; as a result, a 1 cm-deep quartz sand sample is used in this study. 
 
Figure 4.3: Reflectance of 1 cm and 2 cm thick dry quartz sand . 
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5. Results 
Figure 5.1 shows spectra of the three soil samples collected at hourly intervals during the 
drying process. Reflectance is highest at all wavelengths and for all soils when the samples are 
dry, with reflectance in the infrared consistently higher than in the visible. With increasing water 
content, reflectance decreases at all wavelengths, but the response is more dramatic in the 
infrared. Moreover, the decreases in reflectance at the center of the major water absorption 
bands, centered at 1440 nm and 1930 nm, are particularly strong for all three soils.  This is in 
striking contrast to the minor water absorption bands centered at 970 nm and 1160 nm, which 
can only be observed in the quartz sand spectra. 
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Figure 5.1: Spectral reflectance changes with changing water content from saturated to air-dry. 
The time interval between spectra is 60 minutes. Solid lines mark the centers of the major 
absorption bands; grey strips mark the band shoulders.  a) quartz sand dried for 510 
minutes, b) masonry sand dried for 480 minutes, and c) Ithaca soil dried for 1020 
minutes, shrinking significantly during the late segment drying. 
Some general features in the reflectance spectra are consistent for all three soils during 
the drying process: 1) reflectance in the infrared is more sensitive to water content changes; 
2) the change in reflectance at the SWIR water absorption bands is more dramatic; 3) the 
1930 nm absorption band is always deeper than other absorption bands; 4) reflectance change is 
slower during the first few hours of the drying period, then becomes more rapid. 
Other features in the reflectance spectra are not as consistent among the three soils. For 
instance, the water absorption bands at 970 nm and 1160 nm appear in the wet quartz sand 
reflectance, but are missing in the wet reflectance spectra for other two soils. The sequence of 
changes in reflectance also differs greatly among the three soils. For quartz sand, reflectance 
increases in the first 60 minutes of drying, stabilizes for two hours, and then increases steadily 
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for the next four hours until near the end of the drying period when reflectance increases sharply. 
For the masonry sand, the reflectance increase begins slowly, accelerates steadily but slowly 
over the first four hours, and then increases dramatically to nearly air-dried reflectance except for 
water absorption bands in the infrared. It then takes another three hours to reach the air-dried 
condition. The reflectance of Ithaca soil remains quite dark for the first four hours after 
saturation. The reflectance then increases relatively steadily for five hours reaching a nearly air-
dried condition. For the last nine hours, the most apparent change in reflectance spectra is the 
1930 nm water absorption band. The strong change in absorption bands suggest they will be an 
effective indicator for characterizing soil water content, even toward the end of the drying 
process. 
The change in band depth over the full drying period for the two absorption bands in the 
SWIR region is shown in Figure 5.2. For all three soil samples, there is an abrupt decrease in the 
band depth for these two bands as the samples dry. Except for this obvious decrease, during the 
whole process, the band depth changes smoothly. The band depth centered at 1930 nm is 
normally deeper than the 1440 nm band depth, and the 1930 nm band depth is changing over a 
wider magnitude than at 1440 nm, which means the 1930 nm band is more sensitive to changing 
water content. 
However, as is seen in Figure 5.2, neither the magnitude, nor the change in magnitude of 
the same absorption band is similar among three soils. The abrupt decrease occurs at different 
times (probably a different water content, too), which suggests that any relationship between 
water content and absorption band depth will not be independent of soil characteristics. 
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Figure 5.2: Changing band depth centered at 1440 nm and 1930 nm versus elapsed time. Among 
three soil sample, the features are different. 
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5.1 Band depth segmentation 
To analyze the band depth thoroughly, the absorption band depth for each soil sample is 
segmented into several parts. From Figure 5.2, the band depth change is obviously different 
among different soils. The goal is to characterize the similarities and differences in order to 
develop a hypothesis or explain the features.  
In order to compare the changing band depths, ∆𝑅! (Equation (4.2)), plots of the two 
absorption bands in the SWIR are segmented and fit to straight lines for all three soil samples. 
The linear fitting results for the different soil samples are shown in following separate sections. 
For all water absorption band depth curves from the three samples, there is a small, nonlinear 
transition period which is treated separately. During the last drying segment for all three samples, 
the water absorption band depth changes only slightly with decreasing water content, and is 
strongly influenced by noise. 
5.1.1 Quartz sand 
Table 5.1 and Table 5.2 show the fitting results for the 1930 nm and 1440 nm band depth 
respectively. The fitting excludes the short, highly non-linear period prior to the abrupt decrease. 
Except for the end of drying process, the segmented linear fittings are highly correlated, with R2 
all above 0.9. For the last segmentation, band depth changes over a small range, which may 
exceed the measurement accuracy. 
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Table 5.1 Band depth at 1930 nm segments fitted with linear relationship for quartz sand 
Segment Time Linear fitting R2 
A 0-240 min y = 1.47 ∗ 10!!𝑥 + 0.073 0.92 
B 240-450 min y = 5.82 ∗ 10!!𝑥 − 0.035 0.99 
C 460-490 min y = −4.56 ∗ 10!!𝑥 + 2.343 0.98 
D 490-510 min y = −1.87 ∗ 10!!𝑥 + 0.196 0.68 
 
 
Figure 5.3: Changing band depth centered at 1930 nm of quartz sand during drying process (blue 
open diamonds), and segmented linear fitting solid lines as shown in Table 5.1. Dotted 
lines mark break points for each segment, and the segments are labeled. 
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Table 5.2 Band depth, ∆𝑹𝑪, at 1440 nm segments fitted with linear relationship for quartz sand 
Segment Time Linear fitting R2 
A 0-190 min y = 9.96 ∗ 10!!𝑥 + 0.089 0.90 
B 190-390 min y = 2.52 ∗ 10!!𝑥 + 0.061 0.99 
C 440-480 min y = −2.30 ∗ 10!!𝑥 + 1.164 0.96 
D 480-510 min y = −3.11 ∗ 10!!𝑥 + 0.185 0.66 
 
 
Figure 5.4: Changing band depth centered at 1440 nm of quartz sand during drying process (red 
open diamonds), and segmented linear fitting solid lines as shown in Table 5.2. Dotted 
lines mark break points for each segment, and the segments are labeled. 
For quartz sand, both absorption band depth curves are separated into four segments for 
linear fitting. The excluded transition period between the second and third segments begins 
earlier and lasts longer at 1440 nm than at 1930 nm. Also, the band depth at 1930 nm is initially 
shallower, but becomes deeper than at 1440 nm when approaching the end of drying, and 
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remains higher when soil is air-dry. Note that the final segment (D) in the band depth change for 
quartz sand is very short at both 1440 nm and 1930 nm. 
5.1.2 Masonry Sand 
 
Table 5.3 and Table 5.4 show the fitting result for 1930 nm and 1440 nm respectively, 
with corresponding graphs in Figure 5.5 and Figure 5.6. As shown in the quartz sand fitting, the 
last segment is the least correlated part, especially at 1440 nm. For masonry sand, the break 
points for the two absorption bands don’t differ greatly. The extreme low R2 for the 1440 nm 
band may be caused by the relatively smaller band depth change, which barely exceeds the 
measurement accuracy over the whole segment.  
For the Masonry sand, both absorption bands are separated into three segments for linear 
fitting.  For this soil, the absorption band at 1930 nm is consistently deeper than 1440 nm 
throughout the drying period, and remains higher when soil is air-dry. For masonry sand, there is 
no change in slope during the early drying period as there was with quartz sand, thus, segment-A 
is abandoned. The depth change during in segment-B is long and steady, and segment-C is very 
strong and rapid. The most obvious difference from the quartz sand is in segment-D, which lasts 
more than 200 minutes for both absorption bands, with band depth changing only slightly.
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Table 5.3: Band depth at 1930 nm segments fitted with linear relationship for masonry sand 
Segment Time Linear fitting R2 
B 0-250 min y = 5.58 ∗ 10!!𝑥 + 0.071 0.88 
C 300-340 min y = −1.58 ∗ 10!!𝑥 + 0.568 0.96 
D 340-480 min y = −5.53 ∗ 10!!𝑥 + 0.041 0.69 
 
Figure 5.5: Changing band depth centered at 1930 nm of masonry sand during drying process 
(blue open diamonds), and segmented linear fitting solid lines as shown in Table 5.3. 
Dotted lines mark break points for each segment, and the segments are labeled. 
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Table 5.4: Band depth at 1440 nm segments fitted with linear relationship for masonry sand 
Segment Time Linear fitting R2 
B 0-250 min y =   −3.72 ∗ 10!!𝑥 + 0.037 0.98 
C 300-330 min y =   −4.09 ∗ 10!!𝑥 + 0.144 0.98 
D 330-480 min y =   −7.97 ∗ 10!!𝑥 + 0.007 0.37 
 
 
Figure 5.6: Changing band depth centered at 1440 nm of quartz sand during drying process (red 
open diamonds), and segmented linear fitting solid lines as shown in Table 5.2.2. Dotted 
lines mark break points for each segment, and the segments are labeled. 
 
5.1.3 Ithaca soil 
Figure 5.7 and Figure 5.8 show the fitting result for 1930 nm and 1440 nm respectively, 
and the fitting results are shown in Table 5.5 and Table 5.6. The fitting results differ for the two 
absorption bands. For the 1930 nm band, the least correlated segment is segment-B, while the 
other two segments both have R2 > 0.90, however. For 1440 nm, the least correlated segment is 
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0 
0.01 
0.02 
0.03 
0.04 
0 100 200 300 400 
B
an
d 
de
pt
h,
 ∆
𝑅 c	    
Elapsed time (min) 
B C D
 36 
 
Figure 5.7: Changing band depth centered at 1930 nm of Ithaca soil during the drying process 
(blue open diamonds), and segmented linear fitting solid lines as shown in Table 5.5. 
Dotted lines mark break points for each segment, and the segments are labeled. 
 
Figure 5.8: changing band depth centered at 1440 nm of Ithaca soil during the drying process 
(red open diamonds), and segmented linear fitting solid lines as shown in Table 5.6. 
Dotted lines mark break points for each segment, and the segments are labeled. 
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Table 5.5: Band depth at 1930 nm segments fitted with linear relationship for Ithaca soil 
Segment Time Linear fitting R2 
B 0-250 min y = 1.76 ∗ 10!!𝑥 + 0.105 0.24 
C 420-570 min y = −5.34 ∗ 10!!𝑥 + 0.347 0.97 
D 570-1020 min y = −3.41 ∗ 10!!𝑥 + 0.067 0.91 
Table 5.6: Band depth at 1440 nm segments fitted with linear relationship for Ithaca soil 
Segment Time Linear equation R2 
B 0-330 min y = −6.23 ∗ 10!!𝑥 + 0.058 0.95 
C 440-530 min y = −2.42 ∗ 10!!𝑥 + 0.136 0.99 
D 530-1020 min y = −7.54 ∗ 10!!𝑥 + 0.011 0.81 
 
As delineated in Figure 5.7 and Figure 5.8, both absorption bands are segmented into 
three parts for linear fitting. For Ithaca soil, the band depth at 1930 nm during segment-B is 
nearly constant, explaining the poor correlation. At 1440 nm the change in band depth is nearly 
linear except for the very beginning. For both bands, the excluded transition period is much 
longer than for the other two soil samples.  Segment-C lasts only a short time, which is 
consistent among all three soils, but a much longer time is required for evaporation during 
segment-D. Segment-D lasts near 500 minutes, the longest time among all soil samples. During 
this time, the band depth for both absorption bands changes only slightly. 
Comparing all three soil samples from the above tables and figures, one striking 
differences is that the quartz sand band depths (at both 1930 nm and 1440 nm) have two distinct 
segments spanning the initial drying process although, curiously, the timing of the segments do 
not coincide.  In contrast, the rates of change for the masonry sand and Ithaca soil fluctuate, but 
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do not appear to have clearly defined segments within the initial period. For the 1440 nm band, 
the most apparent difference between quartz sand and the other two samples is that the band 
depth is increasing as the water evaporates, but for other two samples, the band depth decreases 
monotonically during the whole sequence. Another important difference among the samples is 
the length of segment-D. For quartz sand, segment-D is short, while for Ithaca soil, the segment-
D occupies nearly half of the total drying time, and masonry sand is intermediate. 
One similarity shared among three varied samples is that the changing band depth at 1440 
nm is always smoother (less noisy) than the band depth at 1930 nm. So the 1440 nm should be 
more appropriate to build a relationship between soil water content and spectral absorption 
features. 
The absorption band depth is most sensitive to water content change during segment-C 
for all three samples. In contrast, the patterns of change are quite different at the beginning and 
the end of drying. The differences at the beginning are likely to be a result of unstable 
evaporation. On the other hand, at the end, the measurement accuracy is not enough to collect 
data beyond noise, resulting in unstable measurements.  
All in all, the break points in the band depth curves occurred at different times among 
three varied types of soil, and also differed for the two wavelengths.  The reflectance magnitude 
also differed due to soil physical features. Though it’s hard to summarize specific drying features 
common to all three soil types, the changing band depths of three samples actually share similar 
tendencies. The continuous band depth change can be segmented into similar, roughly linear 
segments. During the last segment, the water content changes slowly for all three soils, but the 
drying times differ markedly. In order to gain a better understanding of the similarities of the 
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band depth changes, the relationship between reflectance feature (band depth) and water content 
is studied further. 
5.2 Band depth and VWC 
In section 5.1, band depth is analyzed in the time domain, which is reasonable intuitively 
and direct. However, because the water-holding capacity varies among different types of soil, 
and the duration time for drying is different, the time domain is not the most appropriate metric 
to compare drying features among different types of soil. Our purpose for this study is to 
examine the relationship between the water absorption band depths and water content, so VWC 
is introduced as a preferred metric of water content. 
Table 5.7 lists the VWC for saturated soils along with the total elapsed time of drying 
from saturation to air-dry. In Table 5.7, high VWC results in longer drying time. However, for 
the Ithaca soil, the duration of drying lasts about twice as long as the other samples despite a 
relatively small increment in maximum VWC. The longer time required for the drying process 
may be caused by the high-ratio clay content in the Ithaca soil, with the binding between clay 
and water tending to keep water from escaping into air. 
Table 5.7: Maximum VWC and total drying time for three soils 
 Max. VWC Elapsed time for drying 
Quartz sand 0.390 510 min 
Masonry sand 0.351 480 min 
Ithaca soil 0.536 1020 min 
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In section 5.1, the changes in band depths centered at 1440 nm and 1930 nm were 
separated into segments. Table 5.8 summarizes the VWC and band depth changes during the 
different segments. For Quartz sand, the band depths at both 1440 nm and 1930 nm increase as 
water evaporates. For both bands, more than 80% of the water evaporates in segment-A and 
segment-B while the band depth increases. In segment-C and segment-D, less than 10% of the 
initial water escaped, yet the depth decrease was equivalent to the increase during segments-A 
and segment-B. For masonry sand, nearly 70% of the total water evaporates with relative slight 
band depth change in Segment-B. Less than 20% water evaporates in segment-C and segment-D, 
but the depth changes for both bands are more pronounced than in segment-B. Similar to 
masonry sand, Ithaca soil band depths at 1440 nm and 1930 nm change slowly in segment-B 
though more water evaporates compared to segment-C and segment-D. For the 1930 nm band, 
the band depth changes only slightly until about 40% water has evaporated during segment-B. In 
segment-C and segment-D, the total loss of water is equivalent to the quantity lost in segment-B, 
but the depth change is more pronounced. Moreover, water loss in each segment between 
segment-C and segment-D is about 17%, while the changed depth is still more apparent in 
segment-C. At 1440 nm band, segment-C also exhibits the most pronounced rate of change of 
the band depth.  
 To summarize the above observations, contrary to expectation, the changing amount of 
water does not consistently influence the water absorption band depth. For example, in segment-
C, though just a small amount of water evaporated, the band depth decreased strongly. This 
indicates that the water amount is not controlling the band depth changes. 
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Table 5.8: Changes in band depths centered at 1440 nm and 1930 nm with decreasing VWC for 
each soil sample. 
	   Quartz sand Masonry sand Ithaca soil 
 1930 nm 1440 nm 1930 nm 1440 nm 1930 nm 1440 nm 
Segment VWC 
% 
Band 
depth 
VWC 
% 
Band 
depth 
VWC 
% 
Band 
depth 
VWC 
% 
Band 
depth 
VWC 
% 
Band 
depth 
VWC 
% 
Band 
depth 
A 51.8% 0.049 41.0% 0.020 - - - - - - - - 
B 42.3% 0.109 41.8% 0.047 68.7% 0.013 68.7% -0.013 39.6% 0.008 51.9% -0.024 
C 3.3% -0.112 6.4% -0.087 9.4% -0.055 7.7% -0.012 17.2% -0.065 10.8% -0.019 
D 0.8% -0.008 1.3% -0.023 8.8% -0.008 10.5% -0.005 17.9% -0.017 21.5% -0.005 
 
The changes in band depth over the full drying period for all four absorption bands is 
shown in Figure 5.9 for each of the three soils, along with the change in VWC. For all three 
soils, the change in VWC is nearly linear until the very end of the drying period, indicating a 
constant evaporation rate typical of soils drying under constant temperature and humidity. For 
the quartz sand, the band depths for the weaker absorption bands (970 nm and 1160 nm) 
decrease monotonically with time, coincident with the decrease in VWC. The change in band 
depth is slight for the first 200 minutes, but changes somewhat more rapidly as the sample dries.  
For the masonry sand and Ithaca soil, the 970 nm and 1160 nm bands are not readily apparent in 
the reflectance spectra and changes in band depths are negligible. 
Because water absorption bands at 970 nm and 1160 nm are not commonly observed in 
all three soil sample, absorption bands at 1440 nm and 1930 nm are selected as the most 
promising features. In Figure 5.9, the 1930 nm absorption band is the most pronounced feature 
for all three soils. An important, common characteristic is that the depth of the 1930 nm 
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absorption band initially increases steadily, reaches a maximum, and then decreasing abruptly. 
At 1440 nm, the band depth also initially increases for the quartz sand, more gently than that at 
1930 nm. In contrast, the 1440 nm band depth decreases monotonically for the masonry and 
Ithaca soil. The common point is a relatively abrupt decrease appearing in all three soils. 
Although the time required for drying differs substantially and the details of the changes 
in band depth are quite different for the three soils, the rate of change in VWC is constant for the 
bulk of the drying period in all cases.  For all three soils, the transition from a constant rate of 
change in VWC to a much slower rate at the end of the drying period coincides consistently with 
the dramatic changes in the band depth at 1930 nm.  
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Figure 5.9: Change in band depth (colored lines) and VWC (dotted black line) with elapsed time 
from saturation to air-dry; a) quartz sand, b) masonry sand, c) Ithaca soil. The solid 
vertical line indicates the maximum band depth at the 1930 nm; the dashed vertical lines 
indicate the minimum (negative) slope at 1930 nm.  The heavy black solid lines mark the 
time and VWC values that coincide with the minimum slope. 
 44 
Table 5.9 shows the elapsed time and corresponding VWC at maximum band depth for 
three soils. Relating this pattern to the drying segment discussion of drying process (Sections 5.1, 
5.1.2, and 5.1.3), the maximum band depth occurs at the end of segment-B for quartz sand and 
masonry sand, and during the unclassified transition between segment-B and segment-C for 
Ithaca soil. 
Table 5.9: Elapsed time and VWC at maximum band depth for three soils 
 Minimum slope time VWC 
Quartz sand 480 min 0.006 
Masonry sand 330 min 0.039 
Ithaca Soil 490 min 0.144 
 
As expected, the absorption band depth was quite sensitive to the VWC, especially in 
unsaturated conditions. In Figure 5.10, the most sensitive and apparent band depth, centered at 
1930 nm, is plotted versus VWC. Contrary to expectations, however, the change in band depth 
with moisture content was far from consistent among the three soil types. Indeed, the magnitude 
of the maximum band depth varies by almost a factor of three. Even more surprisingly, the band 
depth did not decrease monotonically with decreasing moisture; rather, band depth increased 
with decreasing moisture content for higher VWC, and then decreased rapidly during the later 
segment of drying (Figure 5.10). The pattern is markedly different for each of the soils. In 
particular, the maximum band depth occurs at widely different values of VWC. The one 
consistent characteristic is that the band depth increases relatively slowly during most of the 
drying period, and decreases more rapidly over a relatively short range of VWC. This also 
indicates that the amount of water is not the main factor influencing absorption band depth, but 
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rather is controlled by the water distribution in the soil or the water loss pattern during the drying 
process.  
  
Figure 5.10: Variation of the band depth at 1930 nm with VWC for the three soil types. 
While the magnitude of the band depth – especially the maximum band depth – may be 
related to differences in the magnitude of the reflectance among the three soil types, the 
differences in the shapes of the curves and the location of the maximum are more likely to be 
related to the soil structure (pore sizes, particle size distribution) and the distribution of the water 
at the soil surface. 
5.3 Rate of change in band depth and evaporation 
The results of the experiment indicate that the initial hypothesis that absorption band 
depth is only related to water content and independent of soil type is not correct.  However, in 
Figure 5.9, the 1440 nm and 1930 nm band depth of each soil change at close to the same time, 
and the band depth change and decrease in the VWC slope (slowing of evaporation) also occur 
around the same time. This indicates changing evaporation rate can be a factor relating to 
absorption band depth beyond soil types. The rate of evaporation controls the rate of water loss, 
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and is compared to the rate of changing band depth, calculated in this section, in order to 
examine the relationship between soil water content and drying features in spectral reflectance.  
The changing depth of the water absorption bands may be useful as an indicator of the 
change in evaporation rate. In order to examine this idea, the evaporation rate is calculated for 
each soil. To present evaporation rate intuitively, elapsed time during drying is used as the metric 
in this section. As shown in Figure 5.11 a) and b), the rates of changing band depth of two of the 
absorption bands (1440 nm and 1930 nm) are nearly zero for the first 400 and 300 minutes, 
respectively, and reach a minimum at nearly the same time for both bands. In Figure 5.11 c), the 
rate of change in band depth is also near zero for the first 400 minutes for both bands, although 
the 1930 nm signal is very noisy. Once more, the minimum occurs at nearly the same time  for 
both bands, but in the middle of the whole drying process.  Table 5.10 lists the time of 
occurrence of the maximum rate of change in band depth for both the 1440 nm and 1930 nm 
bands. The maximum difference for the two bands is only 10 minutes, so the following 
discussion will focus on the 1930 nm band. 
 
Table 5.10: Elapsed time at maximum rate of changing band depth for different soils 
Band Quartz sand Masonry sand Ithaca soil 
1440 nm 480 min 330 min 500 min 
1930 nm 480 min 335 min 490 min 
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Figure 5.11: The rate of changing water absorption band depth at 1440 nm and 1930 nm, 
with the dashed lines marking the maximum rate of change in the 1930 nm band depth. 
Figure 5.12 presents the evaporation rate, calculated as a 15-minute running average.  
The initial evaporation rate was nearly constant, and ranged between 0.0010 and 0.0012 
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𝑔 ∙ 𝑐𝑚!! ∙ 𝑚𝑖𝑛!! for all three soils.  This initial, steady-state period corresponds to segment-B 
(and segment-A for the quartz sand) drying (Lehmann et al., 2008), a period during which the 
soil particles are hydraulically connected with a nearly constant water content at the surface, and 
continuously replenished through a network of water films connecting the pore spaces. 
The consistency of the behavior of the 1930 nm band depth and its correspondence to the 
transition between stage-1 and stage-2 drying is rather surprising given the differences among 
the three soil samples.  The average particle sizes were very different. The quartz sand consisted 
predominantly of particles that were 0.05 mm or more in size. The Ithaca soil (silty loam) 
contained very little sand and much more clay (particle size < 0.002 mm), and shrank 
significantly during stage-2 drying, leaving a roughly 1 mm space around the edge of the sample 
holder.  The average particle size of the Masonry sand (coarse sand) was intermediate between 
the other two.  In addition, the actual amount of water present in the samples at the time of the 
transition varied by over an order of magnitude (Table 5.9).  This implies that, regardless of the 
particle size (or pore size) distribution, the disposition of water at the soil surface is somehow 
similar for all soils during the transition between stage-1 and stage-2 drying. 
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 Figure 5.12: Evaporation rate throughout the drying period for the three soils.  The solid vertical 
line represent the maximum band depth for the 1930 nm absorption band; the dashed line marks the time 
of most rapid change in the band depth for the 1930 nm absorption band. Elapsed time from saturated 
until air-dry was 510 minutes for the quartz sand, 480 minutes for the masonry sand, and 1020 minutes 
for the Ithaca soil. 
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5.4 A simple model 
The general pattern of the change in band depth with water content can be duplicated 
using a very simple model, illustrated in Figure 5.13. Consider reflectance from a slab of 
material, covered by a layer of water of depth, ℎ . Radiance, 𝐿! , illuminates the surface, 
undergoes reflection, 𝑅!, at the water surface, and is refracted into the water at an angle, 𝜃. The 
radiance propagates through the water, attenuated only by absorption, 𝑎.  The light is then 
reflected from a planar surface with reflectance, 𝑅!", which we will assume to be spectrally flat 
over the range of the absorption band.   The reflected light returns to the water surface, again 
undergoes reflection and refraction, and exits the water surface as radiance, 𝐿!.  The observed 
radiance, 𝐿!, is given by, 
and the reflectance is then, 
Since Fresnel reflectance, 𝑅!, at the water surface is slowly varying spectrally it is 
treated as a constant with 𝑅! ≈ 0.02.  For our purposes the angle of incidence will not affect the 
relative change, and we will consider normal incidence and viewing, 𝜃 = 0. Finally, we ignore 
scattering losses, since over these short distances and at the wavelengths of interest, absorption 
will dominate the transmission loss. With these simplifying assumptions, the reflectance from the 
water-coated surface is given by: 
 𝐿! = 𝐿!𝑅!" 1− 𝑅! !𝑒!!!! !"#!           ,     (5.1) 
 𝑅 = 𝐿!𝐿! = 𝑅!" 1− 𝑅! !𝑒!!!! !"#!           . (5.2) 
 𝑅 = 𝐿!𝐿! = 𝑘  𝑒!!!!          , (5.3) 
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where 𝑘 = 𝑅!" 1− 𝑅! !. Equation 5.3(5.3) describes the two transmissions at the air-water 
interface, 1− 𝑅! !, a reflection at the water-soil interface, 𝑅!", and the two-way transmission 
through the water, 𝑒!!!! !"#!.  The absorption band depth 4.2 can then be written, 
where 𝑘 = 0.96  𝑅!", 𝑎! is the water absorption coefficient at the center of the water absorption 
band, and 𝑎!"# is the interpolated water absorption coefficient at the band center. The value used 
for 𝑅!" was the reflectance observed from each sample at the point of the minimum slope 
(dashed line in Figure 5.9).  At that point, the sample appeared dry visually, but the spectrum 
was noticeably altered, indicating that there was water at the surface. The model values for ∆𝑅! 
are shown in Figure 5.14 for the four absorption bands as the depth, ℎ, varies. 
 
Figure 5.13: Illustration of a model of reflectance from a spectrally uniform, flat surface covered 
with a layer of water of depth, h. 
 ∆𝑅! = 𝑅!"# − 𝑅! = 𝑘 𝑒!!!!"#! − 𝑒!!!!!           , (5.4) 
 
 
 
𝐿! 𝐿! 
𝑅!" ℎ 𝜃 
𝑅! 
𝑅! 
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Figure 5.14: Modeled change in band depth vs. water optical path. a) exhibits a longer optical 
path range to simulate quartz sand in band depth shape, and b) exhibits a shorter optical 
path rage to simulate masonry sand and Ithaca soil in band depth shape. Dashed line 
(335 µm) marks the approximate break point between segment-A and segment-B for 
quartz sand and dashed line marks the approximate end of segment-B for all three soils. 
This simple model reproduces the general shape of the curves in Figure 5.9. It also 
provides a basis for considering some of the general properties of the wet soil reflectance.  
Firstly, all four band depths are described by the same equation in which only the absorption 
coefficients and the reflectance at the water-soil interface change.  The peak observed in the 
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1930 nm data late in the drying period is a function of the magnitude of the absorption 
coefficient over the wavelength range and the strength of the contrast between absorption at the 
center and shoulders of the band.  Absorption at the band center, being about an order of 
magnitude greater than the absorption at the shoulders, dominates the change in band depth for 
very small h, but after most of the light at the center wavelength has been absorbed, i.e., as 𝑒!!!!⟶ 0, further change is controlled by absorption at the shoulder wavelengths.   
The maximum depth,  ℎ!"#, can be found by taking the derivative of Equation (5.4, 
setting it equal to zero and solving for ℎ,   
 ℎ!"# = 𝑙𝑛 𝑎!/𝑎!"#2 𝑎! − 𝑎!"#           . (5.5) 
For the absorption feature at 1930 nm, the water absorption coefficient at the band center 
is 𝑎! = 136.7  𝑐𝑚!!, and the interpolated absorption value is 𝑎!"# = 14.5  𝑐𝑚!!, which yields an 
effective optical depth, ℎ!"# = 91.8  𝑚𝑖𝑐𝑟𝑜𝑛𝑠.  A similar peak is apparent in the band depth 
curve for 1440 nm.  Its location is a function of the absorption coefficients in that wavelength 
range.  The peak is shifted to an earlier time and corresponds to a greater optical path, with ℎ!"# ≈ 335  𝑚𝑖𝑐𝑟𝑜𝑛𝑠. The model predicts a peak for the band depth at 970 nm and 1160 nm 
band as well; however the absorption coefficients are low enough that light that is not absorbed 
would be reflected before the required optical path (on the order of a centimeter) is achieved.   
This is a simplistic model which serves to demonstrate that there is a link between the 
observations of the changing band depth at different wavelengths and an effective optical path, ℎ.  However, an actual optical path in soil is not a depth, as portrayed in the model, but a 
segmented path that includes multiple reflections and refractions, and represents an average path 
of all the photons reaching the detector. Another important point is that this model is only 
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appropriate when the first contact of light is with water. When there is no longer a nearly 
continuous covering of adsorbed water, i.e., when dry particle surfaces start to appear, this model 
breaks down. 
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6. Conclusion  
To study the relationship between soil spectral reflectance features and water content, 
three soil samples were chosen to represent a range of properties: particle size distribution, 
texture and drying characteristics, and significant differences in the general shape of the spectral 
reflectance of dry samples. In contrast to earlier studies which were restricted to occasional 
reflectance observations, reflectance was monitored at 5 minute intervals throughout the drying 
process, which was due entirely to evaporation, and changing weight of sample was collected to 
characterize the sample water content. 
Working from the assumption that water absorption bands would be the spectral features 
most sensitive to subtle changes in water content, this work focused on the most prominent bands 
in the shortwave infrared, those centered at 970, 1160, 1440, and 1930 nm.  Band depth was 
selected as the primary metric since that would be most likely to be independent of soil type, and 
would be most directly related to the water content. The band depth for the 970 nm and 1160 nm 
absorption bands were only apparent in the quartz sand sample, so the focus was on the water 
absorption features in SWIR region.  
In graphs of the change in band depths with time, the changes appeared to group into 
relatively stable, nearly linear segments for all three soils.  During the initial drying stage, the 
quartz sand data had two distinct segments while masonry sand and Ithaca soil had only one. 
After a short, non-linear transition period, the final two segments – a rapid decrease in band 
depth and a final slow steady decrease – were consistent for all three samples, although the 
duration for each segment varied among the different soils. Counterintuitively, the band depth 
for 1440 nm and 1930 nm did not decrease monotonically over time as the VWC decreased. 
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Even more interestingly, the 1930 nm band depth for each soil sample initially increased, 
reached a maximum value, and then decreased rapidly to a final stable level. The maximum band 
depth for each soil sample occurred at different VWC values, strongly suggesting that a 
relationship between band depth and VWC will not be independent of soil types. 
Though the relationship between water absorption band depth and water content is not 
independent of soil type, the band depth is related to the evaporation process. For all three soils, 
the evaporation rate was essentially constant at first, and then decreased sharply, as has been 
observed in studies of evaporation from soil. For all three soil samples, the water absorption 
band depth centered at 1930 nm increased steadily while the evaporation was constant. In every 
case, the band depth decreased abruptly, coincident with the decrease in evaporation rate. These 
two features are both likely to be related to the loss of pore water and the initiation of the slower 
evaporation of adsorbed water. 
As illustrated with a simple model, the band depth maximum resulted from the strong 
contrast in absorption coefficients at the center and shoulder wavelengths, with absorption at 
1930 nm being strong enough that light at that wavelength was almost completely extinguished 
by absorption after traveling only a short optical path through the water. The optical path 
required to extinguish light at 1930 nm appears to match the very small amount of water 
available near the end of the drying period.  As a result, the maximum band depth and the rapid 
decrease in band depth coincided with the transition from stage-1 to stage-2 drying.  This 
occurred for all three soils even though the particle size (and pore size) distribution, drying time, 
and water content at the time of the transition varied greatly among the three soil samples. 
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Some specific conclusions are: 
1. The water absorption bands at 970 nm and 1160 nm are less suitable for relating the 
estimation of soil water content, but their existence may help identify some types of soil, 
or some physical features of the soil. 
2. The minimum sample depth required to avoid reflected light from the bottom of the 
sample holder is greater for saturated samples than for dry samples, and the influence of 
water content affected the white, relatively translucent sand more than the darker, more 
opaque samples. With water in pore spaces and coated on soil particles, more light is 
forward scattered and penetrates deeper into the soil. 
3. For all three kinds of soils, during their drying process, a non-linear transition segment 
always occurs between a gently changing segment and an abruptly decreasing segment.  
4. For white sand, both the 1440 nm and 1930 nm curves can be divided into four roughly 
linear segments. For the masonry sand and Ithaca soil, the 1440 nm band is divided into 
three segments, and the 1930 nm band is partitioned into four segments. The linear 
segments for the 1440 nm band are less noisy and generally provide a better model of the 
soil water content.   
5. The break points of different kinds of soils in the drying process might be an indicator for 
soil properties. The VWC values of break points at the beginning of segment-C are 0.016, 
0.064 and 0.188 (based on 1930 nm band segmentation), respectively for quartz sand, 
dark sand and Ithaca soil. The Ithaca soil is the finest soil, and the white sand has the 
largest particle size, so the break points might be result of soil particle effects. 
Although the initial hypothesis – that the water absorption band depths would be 
independent of soil type and structure – failed, another relation between water absorption band 
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depth and evaporation rate was found. It remains to verify and expand on these results by 
examining a wider range of soil types under controlled conditions, and modeling the underlying 
processes. 
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